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Detailed Information of Datasets 

Mosquito presence data  

The presence records for malaria vectors in this study came from an exhaustive 

and systematic search of formal as well as informal publications. Records were 

available from six years (2005-2010) of longitudinal surveillance data in the national 

malaria surveillance program in China. Based on results from the national malaria 

surveillance program during 2005-2010, formal and/or informal publications related 

to the occurrence of dominant vectors including An. dirus 1-5, An. minimus 2,3,5-33, An. 

sinensis 34-88, An. lesteri 20,24,89-120, were searched for and confirmed by a technical 

advisory group of Anopheles experts including malaria epidemiologists, 

entomologists and ecologists. We also searched formally published literatures from 

2000 to 2010. From these searches, 247 articles were identified and the full articles 

were downloaded. We removed the articles that did not contain information relating 

to these four malaria vectors occurrence. Records of the presence of the dominant 

malaria vectors at a particular site and survey date were entered into the database so 

that information collected at different times from a locality was documented. In order 

to ensure the quality of malaria vectors presence data, we only kept the administrative 

unit indicating confirmed more than three times occurrences of malaria vectors in a 

given searching period. Finally, data from a total of 120 published articles from 2000 

to 2010 were compiled (Supplementary Table S1). We recorded the county names and 

reported Anopheles species. These data were then matched with county level 

administrative maps in order to assign a location to each presence observation. 

A total of 27 (An. dirus), 33 (An. minimus), 59 (An. lesteri) and 95 (An. sinensis)  

county level presence records from 2000 to 2010 were identified. For visualization 

purposes, the centroid of each county was used to map current presence data 

(Supplementary Fig. S2).  

 

Supplementary Notes  

Environmental variables contributions  

The relative contributions of the environmental variables are shown in 

Supplementary Fig. S2. Based on the Maxent model’s internal jacknife test of 

variables importance, the current distributions of ESA for An. dirus were largely 

affected by the annual temperature range (bio7) and precipitation of wettest quarter 

(bio16). The mean temperature of coldest quarter (bio11) and annual temperature 
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range (bio7) largely controlled the spatial distribution of ESA for An. minimus. The 

current distribution of ESA for An. lesteri and An. sinensis were both largely affected 

by the precipitation of driest quarter (bio17) and fraction of urban area within grid cell 

(gurbn).  

 

Relationship between vector occurrence and environmental variables  

A negative near-linear relationship is observed between the mean temperature 

annual range (bio7) and the probability of An. dirus presence, peaking at 20 °C. In 

contrast, the precipitation of the wettest quarter (bio16) seems to be restrictive and a 

relative high probability of An. dirus presence is noted where precipitation is between 

900 mm to 1,000 mm (Supplementary Fig. S3-1). Above 5mm, the precipitation of 

the driest quarter was negatively related to predicted probability of occurrence of An. 

minimus, while the mean temperature of the coldest quarter was positively related to 

predicted probability of occurrence (Supplementary Fig. S3-2). The predicted 

probability of occurrence for An. lesteri was positively related to precipitation in the 

wettest quarter (bio16) from 0mm to 50mm, while there was a negative relationship 

when greater than 50mm (Supplementary Fig. S3-3). The response curve of An. 

sinensis indicated that both the precipitation of the driest quarter (bio17) and the 

minimum temperature of the coldest month (bio6) were positively related to 

probability of occurrence (Supplementary Fig. S3-4). As our model predicted, the 

probability of An. dirus occurrence was non-linear negatively related to gurban. While 

predicted probability of occurrence of An. minimus was negatively related to gurban 

where gurban is below 0.03. However, both the probability of An. lesteri and An. 

sinensis was non-linear positively related to gurban.  

 

Consistence among different GCM models  

    Generally, the simulated ESA in the same time slice agree very well among 

different GCMs for three malaria vector species (An. dirus, An. minimus, and An. 

sinensis), although this was not the case for An. lesteri. While different RCP 

scenarios made little difference to predictions of An. dirus, varying the GCMs used 

led to substantial differences in predicted distributions. The predicted ESA of An. 

dirus from CCCma_CanESM2 was clearly distributed in different areas, with respect 

to BCC-CSM1-1 and CSIRO-Mk3.6.0 based on RCP2.6, RCP4.5 and RCP8.5 in the 

2030s and 2050s. However, little difference was observed in the predicted ESA 
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distribution for An. minimus under the three GCM models and three RCP scenarios 

in the same time slice. However, the results from all three GCMs indicated the 

predicted ESA for An. lesteri under climate change in the 2030s and 2050s changed 

greatly among GCMs. Most of the predictions for An. sinensis using the three GCMs 

are in agreement (Supplementary Fig. S4-S12). In general, the ESA for An. sinensis 

estimated by CCCma_CanESM2 were larger than the other two GCMs.  

 

Assumptions, limitations, and evaluation of point sampling approach  

The point sampling approach is a useful method to predict finer-resolution 

species distributions when only coarse presence data (e.g. county level vector 

presence data) are available 121. In our study, point sampling involved assigning the 

presence data to a random location (random point) within each county. The set of 

random points were then associated with fine resolution environmental variables via 

an ecological niche model (e.g., Maxent) 122. However, the approach inherits several 

inevitable assumptions and limitations. This approach assumes all areas are suitable 

for the modelled species within the county boundary 123. This assumption may not be 

true due to fine scale heterogeneities in suitable habitats. As a degree of uncertainty 

arises in predictions derived from different random sampling iterations 124, point 

sampling was repeated 100 times with the mean prediction value at each fine-grain 

cell calculated.  

 In order to evaluate the uncertainty of point sampling approach, the standard 

deviation predictions derived from the 100 replicates was calculated (Supplementary 

Fig. S13) and classified into four levels: 0.00-0.05, 0.06-0.10, 0.11-0.15 and 0.16-0.28. 

The Supplementary Fig.S13 indicates that around 80% of the grid cell predictions had 

a standard deviation of less than 0.05, with a slight difference across multiple malaria 

vector species. This result suggests that the point sampling approach introduced 

relatively little uncertainty in the modeling process.  
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Supplementary Table S1. Search results of presence for the four malaria vectors. 

Species References 

An.dirus (AD) 1-5 

An.minimus (AM) 2, 3, 5-33 

An.lesteri (AL) 20, 24, 89-120 

An.sinensis (AS) 34-88 

 

 

Supplementary Table S2. Bioclimatic and land use variables used in the final 

model for the four anopheles species. 

Variable  

Code 

Species Name Unit 

bio2 AL, AS Mean Diurnal Range °C 

bio6 AL, AS Min Temperature of Coldest Month °C 

bio7 AD, AM Temperature Annual Range  

bio10 AL, AS Mean Temperature of Warmest 

Quarter 

°C 

bio11 AD, AM Mean Temperature of Coldest 

Quarter 

°C 

bio16 AM, AL, AS Precipitation of Wettest Quarter mm 

bio17 AM, AL, AS Precipitation of Driest Quarter mm 

gcrop AD, AM, AL, AS Fraction of each grid cell in 

cropland 

% 

gothr AD, AM, AL, AS Fraction of each grid cell in 

primary vegetation land 

% 

gpast AD, AM, AL, AS Fraction of each grid cell in pasture % 

gsecd AD, AM, AL, AS Fraction of each grid cell in 

secondary vegetation land 

% 

gurbn AD, AM, AL, AS Fraction of each grid cell in urban 

land 

% 

gwater AD, AM, AL, AS Fraction of each grid cell in water 

area 

% 
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Supplementary Table S3. Estimation of current and future stable, gained and lost 

enviromentally suitable area (ESA) (unit: thousand square kilometres) for four 

malaria vectors, from Maxent model using RCP2.6, RCP4.5 and RCP8.5 climate 

scenarios derived from an ensemble of simulations from three general circulation 

models (BCC-CSM1-1, CCCma_CanESM2 and CSIRO-Mk3.6.0) during the 2030s 

and 2050s.  

 

Species Current 2030s 2050s 

 ESA Stable Gained Lost Stable Gained Lost 

An. dirus 186.8       

RCP2.6  171.9 71.9 14.9 164.3 60.2 22.6 

RCP4.5  179.0 112.5 7.8 168.3 79.7 18.5 

RCP8.5  173.4 88.3 13.4 168.6 89.6 18.2 

An. minimus 779.0       

RCP2.6  844.8 111.4 45.5 686.1 51.0 143.8 

RCP4.5  867.8 126.4 37.6 737.9 63.4 104.5 

RCP8.5  884.9 145.1 39.1 799.9 102.7 81.8 

An. lesteri 1613.5       

RCP2.6  1850.7 395.4 158.2 1790.5 457.1 280.1 

RCP4.5  1840.9 390.3 160.0 1930.3 576.5 259.7 

RCP8.5  1903.7 466.2 171.0 2125.1 718.7 207.2 

An. sinensis 2690.9       

RCP2.6  2895.2 227.0 22.6 2885.9 256.0 60.9 

RCP4.5  2866.0 199.8 24.6 2885.4 258.9 64.3 

RCP8.5  2911.1 245.5 25.3 3012.1 377.4 56.2 
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Supplementary Table S4. Estimation of exposed human population (unit: millions) 

within stable, gained and lost ESA for four malaria vectors, from Maxent model using 

RCP2.6, RCP4.5 and RCP8.5 climate scenarios derived from an ensemble of 

simulations from three general circulation models (BCC-CSM1-1, 

CCCma_CanESM2 and CSIRO-Mk3.6.0) during the 2030s and 2050s periods.  

  

Species Current 2030s 2050s 

 Population Stable Gained Lost Stable Gained Lost 

An. dirus 26.4       

RCP2.6   14.1 7.9 3.1 11.6 5.1 4.4 

RCP4.5  15.9 12.4 1.3 12.3 8.8 3.7 

RCP8.5  14.1 8.8 3.1 12.2 8.4 3.8 

An. minimus 162.8       

RCP2.6  100.4 17.7 5.6 99.4 11.3 18.1 

RCP4.5  101.6 19.5 4.3 105.1 15.0 12.5 

RCP8.5  101.0 21.2 5.0 107.0 19.2 10.5 

An. lesteri 619.0       

RCP2.6  348.5 65.4 54.0 373.3 98.0 105.0 

RCP4.5  347.2 60.9 55.3 384.6 132.8 93.8 

RCP8.5  350.3 88.1 52.1 405.7 162.8 72.7 

An. sinensis 1005.2       

RCP2.6  649.8 33.3 3.7 792.8 44.3 9.6 

RCP4.5  648.2 30.3 5.3 790.2 44.2 12.2 

RCP8.5  649.3 34.6 4.2 790.8 58.9 11.5 
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Supplementary Figure S1. Estimation of changes (gained and lost) in spatial 

distribution of four dominant malaria vectors in the 2030s and 2050s. The first two 

columns indicate RCP 2.6 in the 2030s and 2050s; The second two columns indicate RCP 4.5 

in the 2030s and 2050s; The third two columns indicate RCP 8.5 in the 2030s and 2050s. The 

different colors show the number of GCMs which agree on the ESA for malaria vectors. 

Positive values indicate gained ESA and negative values indicate lost ESA. Maps created in 

ArcGIS 10.2 (Environmental Systems Resource Institute, ArcMap Release 10.2, ESRI, 

Redlands, California). 

 

 

 
Supplementary Figure S2. The distribution of presence records (centroid of county) of 

four major malaria vectors in China. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Figure S3-1 The jackknife of regularized training gain for An.dirus 
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Figure S3-2 The jackknife of regularized training gain for An.minimus 
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Figure S3-3 The jackknife of regularized training gain for An. lesteri 
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Figure S3-4 The jackknife of regularized training gain for An. sinensis 
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Supplementary Figure S3. Jacknife test and marginal response curve of four malaria 

vectors to six climatic variables from the Maxent model, with varaible importance on 

each graph. The y-axes indicate probability of presence. AD for An. dirus; AM for An. 

minimus; AL stand for An.lesteri; AS for An. sinensis. Response curves showing relationships 

between probability of presence of species and six selected bioclimatic predictors of the four 

malaria vectors. Values shown are average 30 replicate runs; blue margins show±1 SD 

calculated 30 replicates.  
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Present       2030s        2050s 

 

Supplementary Figure S4. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

BCC-CSM1-1 climate model for the 2030s and 2050s (RCP2.6). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Present       2030s        2050s 

 
Supplementary Figure S5. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

CCCma_CanESM2 climate model for the 2030s and 2050s (RCP2.6). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current as reference. Maps created in ArcGIS 10.2 (Environmental Systems 

Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Present       2030s        2050s 

 
 

Supplementary Figure S6. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

CSIRO-Mk3.6.0 climate model for the 2030s and 2050s (RCP2.6). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 

 

  



25 

 

Present       2030s        2050s 

 

 
 

Supplementary Figure S7. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

BCC-CSM1-1 climate model for the 2030s and 2050s (RCP4.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 

 

 



26 

 

Present       2030s        2050s 

 
 

Supplementary Figure S8. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

CCCma_CanESM2 climate model for the 2030s and 2050s (RCP4.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Present       2030s        2050s 

 
 

Supplementary Figure S9. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

CSIRO-Mk3.6.0 climate model for the 2030s and 2050s (RCP4.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Present       2030s        2050s 

 
 

Supplementary Figure S10. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are  based on 

BCC-CSM1-1 climate model for the 2030s and 2050s (RCP8.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California).  
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Present       2030s        2050s 

 
 

Supplementary Figure S11. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. lesteri (c1-c3), An. sinensis (d1-d3). Future predictions are based on 

CCCma_CanESM2 climate model for the 2030s and 2050s (RCP8.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Present       2030s        2050s 

 
 

Supplementary Figure S12. Potential current (suitable and unsuitable) and future 

(suitable/stable, lost, gained and unsuitable) ESA for An. dirus (a1-a3), An. minimus 

(b1-b3), An. sinensis (d1-d3), An. lesteri (c1-c3). Future predictions are based on 

CSIRO-Mk3.6.0 climate model for the 2030s and 2050s (RCP8.5). The second and third 

column indicate the 2030s and 2050s, respectively. The black dots indicate occurrence 

localities of four malaria vectors currently. The green color shows stable suitable areas, blue 

shows lost ESA and red shows gained ESA. All the lost and gained areas were calculated 

based on current distribution as reference. Maps created in ArcGIS 10.2 (Environmental 

Systems Resource Institute, ArcMap Release 10.2, ESRI, Redlands, California). 
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Supplementary Figure S13. Map of standard deviation of probability of presence 

derived from 100 replicates. (a) An. dirus; (b) An. minimus; (c) An. lesteri; (d) An. 

sinensis. Maps created in ArcGIS 10.2 (Environmental Systems Resource Institute, ArcMap 

Release 10.2, ESRI, Redlands, California). 

 

 

 

 


